[1] Phase assemblages of mantle rocks calculated from the ratios of five oxides (CaO-FeO-MgO-Al 2 O 3 -SiO 2 ) by free energy minimization were used to calculate the material properties density, thermal expansivity, specific heat capacity, and seismic velocity as a function of temperature, pressure, and composition, which were incorporated into a numerical thermochemical mantle convection model in a 3-D spherical shell. The advantage of using such an approach is that thermodynamic parameters are included implicitly and self-consistently, obviating the need for ad hoc parameterizations of phase transitions which can be complex in regions such as the transition zone particularly if compositional variations are taken into account. Convective planforms for isochemical and thermochemical cases are, however, not much different from those computed using our previous, simple parameterized reference state, which means that our previous results are robust in this respect. The spectrum and amplitude of seismic velocity anomalies obtained using the self-consistently calculated material properties are more ''realistic'' than those obtained when seismic velocity is linearly dependent on temperature and composition because elastic properties are dependent on phase relationship of mantle minerals, in other words, pressure and temperature. In all cases, the spectra are dominated by long wavelengths (spherical harmonic degree 1 to 2), similar or even longer wavelength than seismic tomographic models of Earth, which is probably due to self-consistent plate tectonics and depth-dependent viscosity. In conclusion, this combined approach of mantle convection and self-consistently calculated mineral physics is a powerful and useful technique for predicting thermalchemical-phase structures in Earth's mantle. However, because of uncertainties in various parameters, there are still some shortcomings in the treatment of the postperovskite phase transition. Additionally, transport properties such as thermal conductivity and viscosity are not calculated by this treatment and are thus subject to the usual uncertainties.
Introduction
[2] Various high pressure and temperature experiments have been performed to determine the phase relations of major mantle mineral systems [e.g., Irifune and Ringwood, 1993; Hirose, 2002] . Especially in the upper mantle, these phase relationships are complicated because different high-pressure phase assemblages may form from the decomposition of a given low-pressure assemblage depending on temperature, pressure and bulk chemical composition. Assuming equilibrium, these realistic phase relationships can be established by finding the phase assemblage that minimizes Gibbs free energy for a given combination of oxides as a function of temperature and pressure. Recently this technique has been used by several groups [Connolly and Kerrick, 2002; Lithgow-Bertelloni, 2005a, 2005b; Piazzoni et al., 2007; Ricard et al., 2005] to reconcile seismic anomalies in the upper mantle, but it has been received less attention in the context of numerical models of whole mantle convection, which are the subject of this work.
[3] In order to evaluate the likely form of thermal and compositional anomalies in Earth's mantle and their influence on seismic structure, numerical mantle convection simulations are required; however, phase diagrams assumed in current mantle convection simulations are very simple, so it is not clear how realistic the resulting structures are. Numerical mantle convection simulations including multiple phase transitions typically use greatly simplified phase diagrams that include only one or two transitions in the olivine system [e.g., Tackley et al., 1994] . Some calculations with chemical variations have assumed a different, but still simplified, set of phase changes for the nonolivine system [Ogawa, 2003; Tackley and Xie, 2003; Tackley, 2004a, 2004b; Tackley, 2005a, 2005b] . The advantage of incorporating more realistic phase relations, such as those computed by free energy minimization, is the inclusion of realistic variation of thermodynamic parameters such as density, specific heat capacity, thermal expansivity and elastic properties, which are dependent on mineralogy. Here we calculate, as a function of temperature and pressure, mineral assemblages and the resulting thermodynamic properties for compositions given as the ratio of five oxides (CFMAS (CaO-FeO-MgO-Al 2 O 3 -SiO 2 )), using the Perple_X free energy minimization program [Connolly, 2005] , and incorporate them into a numerical mantle convection code STAGYY in a 3-D spherical shell [Tackley, 2008] . In this initial study, we focus on the influences of these realistic phase relationships on the convection planform and on the depth-dependent spectrum of seismic velocity anomalies, as compared to global tomographic models.
Model Description

Physical Properties: Overview
[4] Compositional variations are included. The mantle is assumed to consist of a mechanical mixture of two end-member materials, namely harzburgite and MORB (Mid Ocean Ridge Basalt) . This is reasonable if most of the mantle has differentiated into crust and residue and has not rehomogenized at the grain scale, both of which seem likely [e.g., Phipps Morgan, 1998; Gurnis and Davies, 1986] .
[5] Two alternative methods are used for calculating the variation of physical properties with temperature and pressure for the end-member compositions: a self-consistent approach using Perple_X (hereafter referred to as Perple_X properties) and the old, parameterized treatment of phase transitions and depth variation of physical properties, hereafter referred to as parameterized properties. The most important physical property is density, which is used in the momentum and continuity equations. Note that the actual three-dimensionally varying density is used in the continuity equation, not, as is common, a depth-dependent ''reference state'' value: this does not cause any problem with pressure waves because hydrostatic pressure (dependent on depth only) is used to calculate density, not total pressure. In the energy equation, the key phase change related physical properties are effective thermal expansivity and effective heat capacity. These are called ''effective'' because they include the effects of latent heat release or absorption [see Christensen and Yuen, 1985] and may therefore differ from conventional thermodynamic definitions. Transport properties are not calculated by Perple_X. In both treatments the thermal diffusivity is specified as a power law dependence on density while viscosity is specified later.
[6] With the assumption of the truncated anelastic approximation, the nondimensional energy equation thus becomes:
where the tildes denote the nondimensional versions of parameters or variables, namely density r, effective heat capacity c p,eff , temperature T, time t, velocity v, radial velocity v r , thermal conductivity k, internal heating rate H, reference dissipation number Di 0 , effective thermal expansivity a eff , reference Rayleigh number Ra 0 , and stress tensor s ij . These are nondimensionalized to reference values given in Table 1 .
[7] The details of how density, effective heat capacity and expansivity are calculated for the two treatments are given below. In both cases, thermal diffusivity (hence conductivity) is assumed to have a power law relationship with density, i.e., thermal diffusivity k = k 0 (r r /r 0 ) 3 where r r is the horizontally averaged reference state density and k 0 and r 0 are reference values, which is based on both theoretical and experimental studies [Anderson, 1987; Osako and Ito, 1991] .
Perple_X Properties
[8] The stable mineralogy and physical properties for the harzburgite and MORB lithologies were computed by free energy minimization with Perple_X [Connolly, 2005] as a function of pressure and temperature. For this purpose, we adopted the MieGrueneisen formulation of Stixrude and Bukowinski [1990] with the parameterization of Lithgow-Bertelloni [2005a, 2005b] augmented for lower mantle phases as described by Khan et al. [2006] . Here we add an adjustment on the effects of Mg postperovskite data [Ono and Oganov, 2005] . The parameterization limits the chemical model to the CaO-FeO-MgO-Al 2 O 3 -SiO 2 (CFMAS) system. For the assumed harzburgite composition (Table 2) , this model is adequate to reproduce the expected lower mantle phase relations. Application of the model for the MORB composition (Table 2 ) is more problematic because phase equilibrium experiments [Hirose and Fei, 2002; Irifune and Ringwood, 1993; suggest the existence of several highpressure phases that are not characterized well enough to be included in our parameterization. Additionally, the CaO-FeO-MgO-Al 2 O 3 -SiO 2 model excludes volatile oxides, notably K 2 O and Na 2 O, which are more significant in the subducted oceanic crust, as a consequence our model is likely to overestimate the basalt-pyrolite density contrast. To calibrate this effect, we find that experimentally derived density estimates for K 2 O-Na 2 O-CaO-FeOMgO-Al 2 O 3 -SiO 2 [Irifune and Ringwood, 1993; ] are 1.7-2.3% below those calculated here. Accordingly, neutral buoyancy in the Earth's interior most probably corresponds to conditions at which our basalt-pyrolite density contrast is 1.02 ± 0.03.
[9] Figure 1 shows density and S wave velocity for harzburgite and MORB compositions. The effect of the various phase transitions in the upper mantle is clearly visible, while the effect of the postperovskite transition is not clearly visible in either composition. Phase boundary slopes measured from this calculated diagram are around À3 MPa/ K for the spinel ! perovskite + magnesiuwüstite transition at $660 km depth and +12 MPa/K for the postperovskite transition. The transition pressure of postperovskite is around 125 GPa for harzburgite but slightly less for MORB, which seems to be consistent with high-pressure experiments [Hirose, 2006; Ohta et al., 2008] .
[10] As mentioned above, density is the important quantity for the momentum and continuity equations, while in the energy equation, ''effective'' thermal expansivity and specific heat capacity are used in order to account for latent heat effects [Christensen and Yuen, 1985] . Effective heat capacity C P,eff and effective thermal expansivity a eff , for use only in the energy equation [Gerya et al., 2004] , are given by:
where H is enthalpy, T is temperature, P is pressure and r is density. The equation for effective expansivity is obtained through consideration of the adiabatic heating term in the energy equation, and the value differs from that calculated using the conventional definition a = 1 r @r @T P in regions where phase transitions are supplying or absorbing latent heat. This effective thermal expansivity is never used to calculate thermal expansion, only for heating and cooling in the energy equation. As it would be inefficient to do the free energy minimization calculation for each grid cell ''on the fly'' during a convection simulation the effective heat capacity and expansivity are computed from precalculated tables of r (P, T) and H(P, T) with a spacing of 10 km in depth and 10 K in temperature. Quantities are calculated in dimensional space then nondimensionalized for use in the code.
Parameterized Properties
[11] The ''old'' treatment of phase changes in StagYY is described in detail by Tackley et al. [2007] so is only briefly summarized here. Rocks are considered to be a mixture of ''olivine'' and ''pyroxene/garnet,'' and the two systems are assumed to be independent of each other. In the olivine system, three phase changes are considered (''410,'' ''660,'' postperovskite), while in the pyroxene-garnet system, four phase changes are considered (pyroxene-garnet, ''410,'' garnetperovskite, postperovskite). The depth of these phase changes depends on temperature. Between phase changes, physical properties vary with depth according to a reference state constructed as described by Tackley [1998] . The average composition is assumed to be pyrolite, which is approximated as 60% olivine and 40% pyroxene/ garnet.
[12] Figure 2 compares density profiles based on this parameterized approach ( Figure 2a ) to those using Perple_X properties ( Figure 2b ). These density profiles are calculated along an adiabat with a potential temperature of 1600 K at the surface. With the parameterized approach, the density jumps due to phase transitions are very sharp, whereas with Perple_X properties, the phase transitions are fairly sharp for harzburgite but typically more spread out for MORB. In the Perple_X density profiles, a small density jump near the CMB corresponding to the postperovskite phase transition is found for harzburgite, whereas for MORB the phase change is spread out and starts at a shallower depth. The compositional density difference at the core-mantle boundary (CMB) is 2.7% between harzburgite and MORB and 2.16% between pyrolite and MORB for PERPLEX properties, but 3.6% between harzbugite and MORB and 2.32% between pyrolite and MORB for parameterized properties.
[13] Effective heat capacity and effective expansivity are given by equations similar to those introduced by Christensen and Yuen [1985] , extended for the case of variable density and multiple phase transitions:
where, for the ith phase transition, g i is the nondimensional Clapeyron slope, Pi is the phase buoyancy parameter, and the phase function G i and ''reduced pressure'' p i are given by
where (z 0i , T 0i ) is a point on the phase boundary. The nondimensional Clapeyron slope and phase buoyancy parameter P are given by:
where DT is the temperature scale, D is the depth of the domain, g is the gravitational acceleration, r 0 is the reference density and r i is the density at the depth of the ith phase transition. Note that this use of effective Cp and alpha in Stag is different from the approach used in our previous studies [e.g., Nakagawa and Tackley, 2004 , 2006 Tackley, 2004a, 2004b; Tackley and Xie, 2003 ] of advecting potential temperature. Advecting potential temperature does not treat latent heat correctly in regions where thermal conduction is important.
Averaging Properties
[14] Composition is represented by the variable C (tracked using tracers), which varies between 0 (harzburgite) and 1 (basalt). For compositions intermediate between these end-members, a simple linear averaging of physical properties is used, except for shear wave velocity as discussed in the next section. For a generic property X, the averaged value for Perple_X properties is given by:
[15] For parameterized properties, the end-members are instead ''olivine'' and ''pyroxene-garnet'' so C is first mapped into an olivine fraction using f ol = 6/ 7(1 À C) because the initial composition of C = 0.3 everywhere is intended to represent pyrolite with 60% olivine and 40% pyroxene/garnet; harzburgite is (C = 0) is 6/7 olivine. Then the averaged property is calculated using:
Seismic Anomalies
[16] The calculation of seismic velocity anomalies makes no difference to the dynamics but is important for making comparisons to seismic observations. With Perple_X properties, elastic moduli and density are calculated directly, allowing velocity to be calculated as:
where G(T, C, z) is the phase-dependent shear modulus and r(T, C, z) is the density. For G, VoigtReuss-Hill averaging is used to compute G for harzburgite and MORB lithologies from the moduli of their constituent minerals. Maps of calculated S wave velocity are shown in Figures 1c and 1d for the two end-member compositions.
[17] In the parameterized treatment, Vs anomalies are assumed to be linearly related to T and C anomalies using depth-dependent sensitivities determined from all available thermoelastic properties, including their uncertainties [Trampert et al., 2001; Deschamps and Trampert, 2003; Deschamps et al., 2007] , i.e., the relationship:
where dT and dC are temperature and compositional anomalies relative to some radially dependent reference state. The formulae for the partial derivatives, based on fitting the curves plotted by Deschamps and Trampert [2003] and Deschamps et al. [2007] are given by:
where d is the depth in kilometers. The partial derivative of Vs with respect to composition C is based on the difference between MORB and harzburgite velocities calculated using Perple_X [after Connolly, 2005; Connolly and Kerrick, 2002] , which was found to be 2% faster.
Mantle Convection Simulations
[18] For mantle convection simulations, the code Stag3D, as adapted to model a spherical shell using the ''Yin-Yang'' grid and renamed StagYY [Tackley, 2008] , is used. StagYY assumes the compressible truncated anelastic approximation [Tackley, 1996b [Tackley, , 1998 ], and can thus readily accommodate the threedimensionally varying thermodynamics properties obtained from Perple_X. StagYY already contains the parameterized phase change treatment discussed earlier. [19] The viscosity is assumed to depend on temperature, depth and yield stress, as given by the following nondimensional equations:
where T and z are nondimensional temperature and depth, respectively, A 0 is the viscosity prefactor that gives a nondimensional viscosity of 1 at T = 0.64 (corresponding to 1600 K dimensional temperature) and depth z = 0, and _ e is the second invariant of the strain rate tensor. The temperature dependence of viscosity is based on the activation energy for diffusion creep of olivine [e.g., Karato and Wu, 1993] and the depth dependence is adjusted to get a reasonable viscosity profile except without the usual jump at 660 km depth because viscous and plastic rheological properties are nonthermodynamic and therefore not computed by Perple_X. The yield stress at the surface is equivalent to a dimensional value of 117 MPa. Other physical properties for the simulations are also listed in Table 1. [20] The numerical resolution used in the presented cases is 64 Â 192 Â 64 Â 2 (equivalent to 256 points around the equator) with an average of 12 tracers per cell to track the compositional field. The initial compositional field is uniform, so compositional heterogeneities are generated from meltinduced differentiation and segregation of basaltic material from subducting slabs. The initial temperature field is an adiabat with potential temperature of 1600 K with thin boundary layers at top and bottom and random perturbations of amplitude 75 K. The core cools as heat is removed from it, according to a parameterized heat balance as discussed by Nakagawa and Tackley [2005a] .
Results
[21] Four cases are shown in following subsections: (1) isochemical cases with either Perple_X properties or parameterized properties and (2) thermochemical cases with both types of properties. For the isochemical cases, the fraction of MORB is 0.3 everywhere. Each case is run for 4.5 Ga from the initial state. Core cooling is assumed in all cases with an initial CMB temperature of 4390 K, which cools to $3500 K for isochemical cases and $3680 K for thermochemical cases. The computational time required for each case is $8-24 h using 64 CPUs of an AMD Opteron 2.2 GHz cluster at ETH Zurich. The rms. surface velocity, which is a good measure of convective vigor, is 2.43 cm/a to 3.24 cm/a for isochemical cases, but slightly slower for thermochemical cases (1.53 cm/a to 1.95 cm/a). The surface heat flow ranges from 18 TW (thermochemical cases) to 36 TW (isochemical cases), time 
Isochemical Convection
[22] Figure 3 shows snapshots of temperature residuals and equatorial slices of the temperature field for the isochemical cases after 4.5 Ga of evolution. While they look broadly similar, plume activity near the core-mantle boundary displays some slight differences. This may be because of the differences (e.g., sharpness) of the postperovskite transition between the two treatments, with the sharper boundary in the parameterized properties having a stronger destabilizing effect on the lower thermal boundary layer, and thereby promoting plume activity. Seismic anomalies reflect well the thermal structures of each case. Figure 4 shows equatorial slices of S wave anomalies for both calculations of S wave velocity. With depth-dependent scaling (Figures 4a and 4c) , slow anomalies are dominant in the system while, with Perple_X-calculated Vs, anomalies are clearly visible for downwelling slabs, but upwelling plumes are less clear.
[23] Figure 5 shows spectral heterogeneity maps for each case. It is notable that the dominant heterogeneity is of very long wavelength, i.e., spherical harmonic degree 1 to 2, as would be expected from the appearance of only one long subducting slab in Figure 3 . In order to isolate the effect of Vs calculation on the result, as compared to the effect of physical properties on the dynamics, each method of Vs calculation is applied for each case, a total of 4 permutations. It is clear that a stronger spectral signature in surface region is obtained for the Perple_X Vs calculation with both material property variations (Figures 5c and 5d ) compared to the linear scaling approach. In the CMB region, strong heterogeneity is observed for all permutations.
Thermochemical Convection
[24] Figure 6 shows the time evolution of temperature and composition for a thermochemical case with depth-dependent properties. Dense, basaltic material covers most of the CMB by the end of the calculation. Figure 7 shows the same quantities for the equivalent case with Perple_X properties. Most features of the thermochemical structures are similar between the cases: (1) downgoing slabs penetrate into the CMB region and (2) there is a layer of subducted MORB above the CMB that covers most of the CMB, but is pushed aside by incident downwelling slabs in a few places, exposing the core. (3) The convection is of long wavelength.
[25] Figure 8 compares azimuthally averaged radial profiles of composition for the cases with the different material property calculations. C is high (basaltic) at the top due to the crust, and at the bottom due to the buildup of segregated crust above the CMB. Around 660 km, density profiles along an adiabat (Figure 2) for the depth-dependent reference state show a density crossover between harzburgite and MORB, that is, while MORB is normally denser than harzburgite, it is less dense between $660 km and 720 km depth. This causes pronounced compositional layering across 660 km depth, with enrichment above 660 km and depletion below 660 km. With Perple_X properties, however, this crossover barely happens, because although MORB still undergoes the transition to perovskite at greater depth, its density has already increased substantially by that point because of distributed (in depth) phase transitions occurring in the transition zone. The result of this is that the local layering around 660 km depth is much less pronounced.
[26] Figure 9 shows equatorial slices of S wave velocity anomalies for all thermochemical cases at the present time. Again, with the linear scaling between T, C and seismic wave velocity (Figures 9a  and 9c ), cold features are dominant, regardless of how physical properties are calculated during the simulation, whereas with the Perple_X calculated seismic wave velocity anomalies, both hot and cold features are clearly visible.
[27] Figure 10 shows spectral heterogeneity maps for thermochemical cases with both physical property calculations. As with the isochemical cases, these are dominated by long wavelengths, with spherical harmonic degree 1 to 2 being the strongest but substantial heterogeneity extending to about degree 6, which reflects the existence of only a few (and often one) long subduction zone as visible in Figures 6 and 7 . There is more heterogeneity in the deep mantle than in isochemical cases because of the chemical layering that builds up there [e.g., Tackley, 2002] . The biggest influence on the different maps is the calculation of seismic anomalies, rather than the physical properties used in the convection calculation. The linear scaling approach leads to stronger heterogeneity in the near-surface region, as it does for isochemical cases too. Interestingly, for the case in which everything is calculated using Perple_X, a local peak in heterogeneity is found around 660. This is also obtained from spectral profiles of several global tomography models [Megnin and Romanowicz, 2000; Ritsema et al., 2004; Gu et al., 2003] . This emphasizes the importance of using realistic phase diagrams and conversion coefficients to predict the seismological structure from mantle convection calculation.
Summary and Discussion
[28] The main findings of this study are as follows:
[29] 1. It is possible to incorporate the effect of realistic phase relationships based on the ratios of oxides (five oxides: CFMAS composition) into numerical thermochemical mantle convection calculations in a 3-D spherical shell. In the present study we assume all compositions to be a mixture of strips of harzburgite and MORB compositions, as would be appropriate if most of the mantle has differentiated. This obviates the necessity of introducing complicated ad hoc parameterizations of phase transitions, as the composition, temperature, and pressure dependence of geodynamically important transitions (e.g., spinel-perovskite, garnetperovskite and perovskite-postperovskite transitions), including their phase boundaries, etc., is automatically accounted for, even at physicochemical conditions where experimental data is sparse.
[30] 2. The thermal and thermochemical structures obtained in simulations that include physical properties calculated in this way are not much different from those obtained in simulations using our old approach, in which the major phase transitions in the olivine system and pyroxene-garnet system are parameterized, and the mantle is assumed to be a mechanical mixture of these two components. This is reassuring from the perspective of previous results being robust: it is not necessary to recalculated previous cases with the new treatment. One significant difference is that the local compositional stratification around 660 km [Ogawa, 2003; Nakagawa and Buffett, 2005; Tackley et al., 2005; Tackley, 2004a, 2004b] is less in the self-consistently calculated case, because there is a much smaller crossover of the MORB-harzburgite density relationship.
[31] 3. The seismic anomalies calculated from the self-consistent approach are significantly different from those calculated assuming a linear scaling between dVs, T and C. Specifically, heterogeneity in the near-surface region is strengthened with Perple_X properties because, in the upper mantle, there are many phase transitions thus the complicated phase relationship is reflected in complicated shear wave velocity profiles. Looking at spectral profiles near 660 km depth and near the CMB, the anomalies calculated using Perple_X for both shear velocity and other physical properties are somewhat more promising for understanding heterogeneous structures obtained by global tomography models. However, our obtained seismic images and spectral heterogeneity maps (SHMs) are not very similar to those evaluated from global tomography models [e.g., Becker and Boschi, 2002] . Points that could improve this are discussed below. One potentially important influence on seismic velocities is anelasticity. Matas and Bukowinski [2007] find that anelasticity can make a difference of 20% in the velocity temperature derivatives at 2600 km depth. While this is less than the $40 -50% difference in derivatives between the two approaches tested here, it is clearly still significant.
[32] 4. All cases display very long wavelength heterogeneity consistent with, or even longer wavelength than, seismic tomographic models of Earth's mantle. This is interesting because simple convection models display heterogeneity that is too short wavelength: thus many studies have sought to explain why Earth's heterogeneity is long wavelength. Proposed explanations that are self-consistent (i.e., not imposing any geometry at the surface) include a viscosity increasing gradually with depth [Hansen et al., 1993] or at 660 km [Bunge et al., 1996; Tackley, 1996a] , a low-viscosity layer [McNamara and Zhong, 2005] , the action of the endothermic phase transition at 660 km depth [Tackley et al., 1993 [Tackley et al., , 1994 Tackley, 1995 Tackley, , 1996a , and the effect of continents [Gurnis and Zhong, 1991; Yoshida et al., 1999; Grigne et al., 2007] . In our present calculations there is only a moderate viscosity increases with depth and none at 660 km depth, and (particularly in isochemical cases) phase transitions near 660 km depth do not have a strong dynamical effect. Therefore, we hypothesize that the dominant mechanism in causing spherical harmonic degree 1 to 2 heterogeneity here is the plate tectonics-like behavior self-consistently generated by plastic yielding combined with strongly temperature-dependent viscosity [e.g., Moresi and Solomatov, 1998; Tackley, 2000], which was recently demonstrated in 3-D spherical models to be capable of causing very long wavelength convection without any other complexity being necessary [van Heck and Tackley, 2008] . The latter models were, however, much simpler and of lower convective vigor than the models presented here, so it remains to be tested whether same mechanism is creating longwavelength heterogeneity in the present calculations.
[33] Several improvements could be made in the future to improve realism. First, rheological properties (for each creep mechanism activation energy, activation volume, preexponential factor, power law exponent) should be different for each phase [e.g., Yamazaki and Karato, 2001] , which would naturally lead to a viscosity jump at 660 km, which is thought to be dynamically important.
[34] Second, the convective vigor could be more Earth-like. While the rms. surface velocity for the isochemical cases is close to Earth-like, for the thermochemical cases it is a factor of $2 too low, as compared to the poloidal component of the rms. plate velocity. Here, the Rayleigh number defined using the upper mantle viscosity is 10 7 . Increasing it to a higher value, such as 10 8 , would lead to smallerscale features that would require greater numerical resolution and take longer to run. Therefore, a possible next step is to check the effect of higher Rayleigh number in a two-dimensional geometry.
[35] Third the petrological model is very simplified, assuming that the initial material consists of 30% MORB. This is considerably larger than that assumed in other papers, such as 12.5% [Christensen and Hoffmann, 1994; Brandenburg and van Keken, 2007] , and explains why our calculations produce a much thicker layer of segregated MORB above the CMB. The latter calculations also used kinematic plates, whereas we use self-consistently generated plates using a yielding rheology. In reality, pyrolite is capable of producing much more than 12.5% basalt, but the composition of the melt would change substantially by the time it got to 30% melting. A more sophisticated petrological model incorporating the effects of melting would help to resolve this issue in a self-consistent manner.
[36] Finally, the postperovskite phase transition may not be adequately represented in the Perple_X calculations, as there is still a lot of uncertainty in the parameters. In our present study, the postperovskite transition is visible in plotted density profiles such as those along an adiabat (Figure 2 ) for harzburgite (dominantly MgSiO 3 ) while, for the MORB composition, the calculated postperovskite phase transition is not sharp but rather spread over a depth range that starts at shallower depth than for harzburgite (Figure 2b , green line). Our current thermodynamic data for postperovskite is based on Ono and Oganov [2005] and Mao et al. [2005] , and could be updated to account for more recent experimental and computational findings. In high P-T experiments, it is expected that the postperovskite phase transition exists in MORB material [Hirose et al., 2005; Hirose, 2006] , and seems to occur at shallower depth than MgSiO 3 [Ohta et al., 2008] . However, other high-pressure experiments indicate that it would be transformed at deeper or similar pressure [Nishio-Hamane et al., 2007] compared with MgSiO 3 because MORB contains much more alumina (Table 2 ). This is also inferred from first principle studies [Tsuchiya and Tsuchiya, 2008] . The seismic velocity of postperovskite has recently been measured using high temperature and pressure experiments [Murakami et al., 2007] , providing additional constraints on physical parameters.
[37] The incorporation of realistic phase relations into thermochemical mantle convection simulations demonstrates a strong connection among seismology, mineral physics and geodynamics. The may improve our geodynamic understanding of structure in the CMB region [Lay et al., 2006; van der Hilst et al., 2007; Hirose, 2006] . Several recent geodynamics modeling studies [e.g., Ogawa, 2003; Nakagawa and Buffett, 2005; Tackley et al., 2005; Tackley, 2004a, 2004b] have pointed out the effect of the basalt density crossover below 660 km on enforcing partial compositional layering, recently termed the ''basalt barrier'' [Davies, 2008] , as was predicted from mineral physics [e.g., Irifune and Ringwood, 1993; and inferred from seismological data [Cammarano and Romanowicz, 2007; Cobden et al., 2008; Xu et al., 2008] . These models utilized simple parameterizations of phase transformations (Clapeyron slopes, depths, density variations etc.) whereas, in our model, phase transformations are implicit. Therefore, our model allows a self-consistent integration of geodynamics phenomena, seismological imaging and mineral physics data in both shallower regions and the deep mantle, subject to the limitations discussed earlier.
